Computer design and chemical synthesis generated viable variants of poliovirus type 1 (PV1), whose ORF (6,189 nucleotides) carried up to 1,297 "Max" mutations (excess of overrepresented synonymous codon pairs) or up to 2,104 "SD" mutations (randomly scrambled synonymous codons). "Min" variants (excess of underrepresented synonymous codon pairs) are nonviable except for P2 Min , a variant temperature-sensitive at 33 and 39.5 • C. Compared with WT PV1, P2 Min displayed a vastly reduced specific infectivity (si) (WT, 1 PFU/118 particles vs. P2 Min , 1 PFU/35,000 particles), a phenotype that will be discussed broadly. Si of haploid PV presents cellular infectivity of a single genotype. We performed a comprehensive analysis of sequence and structures of the PV genome to determine if evolutionary conserved cis-acting packaging signal(s) were preserved after recoding. We showed that conserved synonymous sites and/or local secondary structures that might play a role in determining packaging specificity do not survive codon pair recoding. This makes it unlikely that numerous "cryptic, poliovirus | genome recoding | packaging signal | specific infectivity T he capsid precursor P1 (881 amino acids) of type 1 poliovirus (PV), mapping to the N terminus of the polyprotein (PP) (Fig. 1A) , can be encoded in 10 442 ways (1) due to the degenerate genetic code. The tiniest fraction of these possible sequences defines PV, the cause of poliomyelitis. PV occurs in three serotypes, of which the most neurovirulent type 1 Mahoney [PV1(M)], the main viral species analyzed in this study, was isolated in 1941 from pooled feces of three healthy children (2).
T
he capsid precursor P1 (881 amino acids) of type 1 poliovirus (PV), mapping to the N terminus of the polyprotein (PP) (Fig. 1A) , can be encoded in 10 442 ways (1) due to the degenerate genetic code. The tiniest fraction of these possible sequences defines PV, the cause of poliomyelitis. PV occurs in three serotypes, of which the most neurovirulent type 1 Mahoney [PV1(M)], the main viral species analyzed in this study, was isolated in 1941 from pooled feces of three healthy children (2) .
Genome sequence (3, 4) and gene organization (3) of PV1(M) revealed highly complex structures in its 5'-terminal nontranslated region (5'-NTR), followed by a single ORF encoding the PP, followed by a complex 3'-heteropolymeric region and poly(A) tail (Fig. 1A) (5, 6) . The PP (7) is an active molecule that cleaves itself into ∼29 polypeptides by two viral proteinases (2A pro and 3C pro /3CD pro ) and an enzyme-independent maturation cleavage (Fig. 1A) (5, 6, 8) .
Capsid domain P1 controls the identity of PV by determining virion structure (9) , serotype identity (10) , and interaction with the cellular receptor CD155 (10) . Since PV replicates as quasispecies at an error rate of ∼10 −4 (11), the following questions arise: How conserved is its synonymous sequence given the astronomical number of alternative possibilities? What encoding could have coevolved that would be optimal to specify 881 capsid residues?
If PV, a member of the genus Enterovirus of Picornaviridae, is an evolutionary descendant of C-cluster Coxsackie viruses (C-CAVs) (12) , the evolution of PV nucleotide sequences was constrained as it adhered to the basic architecture of C-CAVs, its evolutionary parents (13) . A second well-known restriction of sequence variability in ORFs is "codon bias" (14) , the unequal use of synonymous codons. Encoding the PV1 P1 domain with an excess of "rarely used" (human) synonymous codons results in a nonviable viral construct despite sharing an identical amino acid sequence with wild-type (WT) PV (15) .
A third barrier to sequence variation is codon pair bias (CPB). This describes the frequency of synonymous codon pairs that does not fit the use of individual codons (16) (17) (18) (1) . The loci of three replication-essential hairpin structures, Cre (81) , and α and β (23, 24) , as well as the conserved but not-essential RNase L ci element (25, 26) , are shown above the PP. The SnaB I and Bgl II restriction sites, used for subcloning the P2 and P3 domains, are indicated. (B) Growth phenotypes of PV1(M) and single-domain Max (green), Min (red), and SD (yellow) variants on HeLa monolayer R19 cells (Materials and Methods). For connotations of the constructs, see Table S1 . Passage 0 means that full CPE emerged after transfection. The sequences of the essential Cre, α and β structures were restored after recoding in P2 and P3 variants (indicated as Max cre , Min cre , or Max Wt , etc.). The total number of nucleotide changes in each recoded segment and the CPS of the recoded fragment relative to the WT in a segment are indicated in column 3 (please note the 12 unchanged nucleotides at the beginning of P1 SD are shown as a small white box). CPS, CPS of the recoded segments (compared with the same WT segment). Growth phenotypes of recoded variants were determined by the time of full CPE, together with virus titer and plaque size after transfection (Materials and Methods). (C) Same as B except more than one domain was recoded.
are unfavorable (bad) in the biological function of the ORF. Although the differences in function between overrepresented and underrepresented (good or bad) pairs is small, rewriting a genome sequence with excessive bad codon pairs kills the virus (16) . In this study, we have rewritten PV sequences in the overrepresented ("Max," codon pair optimization) and underrepresented ("Min") [codon pair deoptimization (CPD)] language for testing biological consequences. We used also a third language, the "scrambling design" ("SD"), which involves shuffling synonymous codons at random (15) . Every codon pair has a codon-pair score (CPS), which is the natural logarithm of the ratio of the observed frequency of the codon pair to the expected frequency of the pair [i.e., CPS = ln (Observed/Expected)]. "Expected" is based on the actual occurrences of the codon, and so takes into account codon use. Thus, preferred pairs have positive scores, and dispreferred pairs have negative scores. These values are then used to interpret the average CPS of a viral sequence (16) .
All WT PVs have a low specific infectivity (si) in HeLa R19 cells, the most favorable tissue culture cells for proliferation. For PV1(M) the ratio of a plaque-forming unit (PFU) to virions is ∼1/120. Our variants described here express vastly different si values, which is a viral signature only when determined in related cell lines under comparable conditions. si values can dramatically change when a virus is assayed in different cell lines or when cells are treated with drugs that interfere, for example, with the innate immune response. Below, we will discuss the si phenotype that is undervalued in virology.
The recoding experiments described here were not only designed to test the PV genome's tolerance to large-scale sequence changes, but also in reference to a recently proposed new model of RNA virus assembly (refs. 19-21 and references therein). This new model implies that the most important determinants for assembly specificity of +ssRNA viruses reside in dozens of genome-specific hairpins that have been described as "cryptic, sequence-degenerate, dispersed RNA packaging signals mapping throughout the genome" (22) . We show that this model does not serve to explain PV morphogenesis. Here, we propose a two-step mechanism for assembly of +ssRNA viruses: step I, establishing specificity of assembly, and step II, virion formation by cocondensation of the genome with its cognate capsid proteins (CPs; Fig. 4 ). We suggest that the multiple loosely conserved hairpin structures are playing a role in step II, possibly contributing to cocondensation of the genome with CPs and virion maturation.
Results
Computer-Designed Recoding of the Entire ORF of the PV1(M) Genome. Using the Max, Min, and SD strategies (SI Materials and Methods), we have recoded the PV1(M) PP, by, first, recoding individual PP domains (Fig. 1B) , followed by recoding two or all three domains (Fig. 1C) . The identity of individual viral variants is summarized in Table S1 . Growth Properties of Recoded PV Variants. The general outcome of changing the sequences of different PP domains is apparent in Fig. 1 (Table S1 , line 10) yielded lower titers and very small plaques (Fig. 1B, line  10 ). P3
Min was nonviable, despite carrying fewer silent mutations (330) compared with P3 SD (497). Barton and coworkers have described a complex RNA structure (RNase L ci RNA) mapping to P3 of all C-cluster enteroviruses (PV, C-Coxsackie A viruses) (Fig. 1A) that can function as an inhibitor for RNase L (25, 26) . Site-directed mutagenesis inactivated the inhibitory activity for RNase L, but it did not disable virus replication (25, 26) . This result is supported by our recoding experiments.
We then studied variants with two or three recoded domains (Fig. 1C) . All Max and SD variants [P(1+2), P(2+3), P(1+3), and P(1+2+3)] were constructed with WT Cre and α and β elements, whereas the RNase L ci RNA structures were destroyed. All Max combinations produced WT growth phenotypes (Fig. 2, lines 2-5 ), an observation suggesting that the overrepresented synonymous codon pairs in these variants are acceptable for efficient replication, despite 1,297 synonymous mutations in P(1+2+3) Max (Fig. 1C, line 5) . Importantly, the kinetics of virus replication, as analyzed by a one-step growth curve, did not reveal a detectable difference between WT PV1 and P(1+2+3) Max (Fig. S1 ). Extended SD recoding, however, yielded replication phenotypes as in P(1+2) SD (27) in the absence of CTP and UTP (to minimize RNA synthesis) did not disclose significant differences in synthesis or processing compared with WT PV transcripts ( Fig. 2A) . Analysis of growth of P2
Min in HeLa cells, however, revealed a significant reduction of P2 Min virus production when assayed by PFUs (Fig. S1 ). As we will show below, P2
Min virus has a very low si value, which indicates the need of a large number of virions per cell for viral spread and plaque forming on a layer of HeLa cells. Infection of HeLa cells with P2 Min virus [multiplicity of infection (MOI) of 2], however, revealed reduced production of 2C
ATPase and its precursors (to ∼30% compared with similar WT PV infection), as shown by immune precipitation of cellular extracts (Fig. 2B ). Guanidine hydrochloride (GnHCl; 2 mM) completely inhibits PV RNA replication., Therefore, translation of incoming RNA was reduced (Fig. 2B) .
We then tested the synthesis of (Fig. 2E) . These results are difficult to interpret because PV translation in vivo is linked in cis to genome replication (28): A reduction of translation would interfere with genome synthesis. Defective genome synthesis, in turn, would interfere with translation. Whatever the mechanism, compared with WT PV, there is a small defect in the production of P2 Min RNA. Effect of Temperature on Plaque Assays of Recoded Viruses. An analysis of two of three recoded viruses revealed temperaturesensitive phenotypes (ts), as measured by plaque formation (Table S2) . Specifically, P(1+2+3) SD and P2 Min did not produce measurable yields of virus at 33 and 39.5
• C, whereas the P(1+2+3)
Max variant yielded WT PV titers at 33, 37, and 39.5
• C. SI PV and of Recoded PV Variants. The probability of a single polio virion to initiate an infection of a favored host cell (HeLa R19) under tissue culture conditions is low. Owing to numerous hostile conditions presented by the cell, most attempts by the virus to invade, establish proliferation, and possibly kill the cell are aborted. This phenomenon of restricted virus/cell interaction is referred to as specific infectivity (si), a phenotype reproducible under identical conditions of experimentation. si defines a known minimum number n of virions that, when plated on a huge excess of a host cell layer, will allow one virion of "n" to successfully initiate an infection. Commonly, the successful infection will be visible as a plaque. The term PFU, however, hides the number n: Depending on the virus or the cell, a PFU value may correspond to 100 virions of virus X in cell Y, whereas a PFU of the same virus X tested on a different cell Z may correspond to 1,000 virions.
It is known that plating an average of ∼120 WT PV1(M) virions onto a monolayer of 10 6 HeLa R19 cells produces one plaque (15) . The si value, therefore, is 1/120. Note that in this experiment, the multiplicity of virion per cell is 0.00012 (120 virions per 10 6 monolayer cells on the experimental plate), which excludes the possibility that more than one virion is needed to produce a plaque. Therefore, the si of WT PV1(M) denotes that 1 of 120 virions produced the plaque, whereas 119 virions failed. The selection of the virion or of the single cell that leads to a successful infection is a stochastic process (Discussion). Importantly, si is the signature of the virus only when determined in related cell lines under comparable conditions.
The si values that we observed with WT PV1(M), P(1+2+3) Max , and P2
Min are presented in Table 1 . For comparison, the observed si value of WT PV (1/118) was set at 1.0. In this context, the si of P(1+2+3)
Max was almost identical to that of WT virus, which was surprising considering the large sequence differences in the PP coding region. More surprising was the minute si value of P2
Min (1/35, 285), as it took 35,285 virions plated onto 10 6 R19 HeLa monolayer cells to produce a single plaque. Even in this experiment, the multiplicity of variant/cell is low (0.035285). Hence, the probability that more than one virion interacted with one cell is low. It has been speculated that small si values may reflect defective virions or clumping of the inoculum. However, neither hypothesis is likely to apply for PV (Discussion). The reason for low to minute si values of WT PV1 and recoded variants (15, 16) is not yet understood, but might be manifold (ref. 15; Discussion). As mentioned, si values can change drastically when the conditions of the experiments are modified. To prove this point, we have determined si values of WT PV1, P(1+2+3) Max , and P2 Min on A549 cells that are known to express a robust innate immune response (29) . We speculated that using A549 cells may reduce the chance of any of the lonely virions to produce a plaque. This was indeed the case: for PV1(M), the n value changed from 1/118 (R19 HeLa cells) to 1/442 (A549 cells), for P(1+2+3)
Max from 1/141 (R19 HeLa) to 1/438 (A549), and for P2
Min from ∼1/10 5 (R19 HeLa) to ∼1/10 6 (A549) ( Table 1) . Min has successfully established productive infection of a cell, its intracellular replication on HeLa cells is comparable to that of WT PV (Discussion). Nevertheless, because of the incredibly large amount of virus necessary to succeed in an infection, the plaques of these virus variants are small, if not minute, and any attempt to the spread of P2
Min on the cell layer is greatly reduced. Genetic Variation of Synthetic PVs. Recoding the ORF of the PV1(M) genome by the Max, Min, or SD strategies leads to profound differences in nucleotide sequences, each specific for the recoding strategy. As shown in Fig. 3 (lines B and C) , we have analyzed synonymous site variability using the synplot2 program, which is capable of predicting conserved functional regions shared between similar virus RNAs (32, 33). Synplot2 was previously used to identify conserved sequence and structural elements among different alphavirus serotypes that contain a classical packaging signal ("PS"; below) (34) . As shown in Fig. 3B , synplot2 predicts the location of the cis-acting elements Cre, RNase L ci, and α and β in genomes of 200 members of the C-Enterovirus genus (32) . However, these structural elements do not play a role in PV encapsidation (12, 35) , and no other regions have significantly reduced (P < 0.001) synonymous site variation. We guess that synonymous changes have likely been saturated since the PV ancestral strain diverged from Coxsackie viruses (12) . It is, however, difficult to estimate a natural "limit" of variation due to the naturally high rate of synonymous variation outside of the conserved Cre, RNase L ci RNA, and α and β regions. Fig. 3 is incomplete, as it lacks presentation of mutations in the capsid domain P1. We omitted P1 because the sequence in this region does not play a role in PV morphogenesis (Assembly of the Poliovirion). The P1 domain, however, has been added in Fig. S2 . As expected, nonsynonymous mutations in the P1 domain outnumber those in the P2 and P3 domains, but at cursory inspection, the density of synonymous mutations is similar to that of P2 and P3. To improve the interpretation of the data in Fig. 3F , we added Table S3 , which depicts the amount of synonymous changes from PV1(M) as a percentage of total nucleotides in the coding domain P1, P2, and P3 (36) . Whereas the number of natural synonymous changes in the PVs and CAV20 is large, the changes acquired in P(1+2+3) Max In PV-infected cells, icosahedral "procapsids" (also known as "empty capsids") (35, 44) are formed that, remarkably, are void of viral or cellular RNAs. These procapsids are structurally closely related to PV virions (8) , but the precise role of procapsids in PV morphogenesis is still unknown (Discussion). Unusual for +ssRNA viruses, the synthesized PV genome, while in statu nascendi, is delivered directly and specifically to cognate capsid precursors by protein/protein interaction. The mechanism used is the recognition of CP precursors by a key protein (2C ATPase ) of the membrane-bound replication complex. This mechanism is highly specific, as the PV 2C
ATPase discriminates against even closely related CP precursors (45) (46) (47) (48) . We suggest that C-cluster enteroviruses and possibly all viruses of the genus Enterovirus of Picornaviridae use protein/protein recognition for achieving specificity of assembly (Fig. 4 I, A) .
We propose that the framework leading to specificity (Fig. 4 I,  A) triggers morphogenesis of PV as depicted in Fig. 4II : perhaps by condensation of capsid precursors ("pentamers") around the genome (49), followed by virion maturation (8) . Previous studies have elucidated PV CP assembly in great detail (35) , but the role of the PV genome in these steps remains uncertain (Discussion). We have borrowed the term cocondensation from other publications (50, 51) , as it indicates the progression of delicate steps between CP and the cognate genome (Fig. 4II) (Discussion) .
A different mechanism leading to assembly specificity in +ssRNA virus morphogenesis has been recently proposed. It is based on the observation that viral genomes have the propensity to form dozens of genome-specific hairpins [Dykeman, 2013, The sequence regions mapping to these elements show a statistically significant reduction in variation at synonymous sites with respect to a neutral model of evolution among 200 enterovirus C viruses which share >75% amino acid identity with PVM (B and C). The dotted line in B signifies that the points above it are statistically significant (P < 0.005), and the dotted line in C represents the level at which variation at synonymous sites is observed as often as it is expected in a neutral model. D and E depict local secondary RNA structures conserved between PVM and natural viruses: Coxsackie A20, PV type 2, and PV type 3 (D), and synthetic viruses: Max and SD which were recoded over the P2 and P3 regions (E). A mathematically complete ensemble of structures was generated in 30-nt windows for each sequence with the crumple program (SI Materials and Methods). The resulting structures were filtered and compared between the viruses labeled at equivalent nucleotide positions. Each conserved structure is represented by a rectangle that spans the range of the structure's position. (22) . These hairpins, which are loosely conserved and carry common "assembly motifs," have been shown in in vitro experiments to promote RNA-dependent assembly of viral capsids, including elaborate structural rearrangements of capsid subunits (refs. 19 and 21 and references therein). We were curious as to whether the PV genome does also display an array of loosely conserved assembly structures along its genome with essential functions in PV morphogenesis. We hypothesized that the ability of forming these structures would be disturbed by extensive recoding of the PV genome.
Our analysis of the PV1 genome was confined to domains 2 and 3 (Fig. 3) . The 5'-and 3'-terminal RNA segments do not determine assembly specificity, as was shown (35, 52) . Domain P1 has also been omitted because it does not play any role in morphogenesis based on properties of PV "defective interfering particles" (DI particles) (53, 54) . PV DI particles naturally lack the P1 coding region. However, in competition experiments, DI particles outcompete WT virus in genome replication simply because their genome is shorter. Moreover, DI particles "interfere" with WT PV proliferation by stealing (in trans) the WT PV CPs. This observation not only supports the mechanism of protein/protein interaction, it also indicates that the large genome segment encoding the capsid precursor is not important for assembly.
Our analyses took into consideration that the choice of synonymous codons for some amino acid residues, and the degeneracy of nucleotide base pairing allows for the formation of conformationally identical RNA structures that do not share significant sequence similarity. We wanted to determine whether any RNA structures could be present that are encoded by degenerate sequences that could have escaped detection with Synplot2. We used the Crumple program (55) and generated all possible RNA structures in 30-nt sliding windows of sequences belonging to the naturally occurring PV1, -2, -3, and CAV20, all of which can be encapsidated into PV1, 2, 3 capsids to produce infectious viruses. We then compared the profile of conserved RNA structures to our synthetic viruses, Max and SD (Figs. 3D and 4E ). The structures, if they were conserved within the recoded segments of MAX and SD, were distinctly reduced compared with those cooccurring in Fig. 3D , despite the fact that only synonymous mutations were introduced (Figs. 3F and  4G ). This result demonstrates that few, if any, small conserved RNA structures exist in the P2 and P3 regions of the analyzed viruses that could accommodate the hypothesis of "multiple cryptic, sequence-degenerate, dispersed RNA packaging signals" (22) . Manual inspection of structures conserved after synonymous recoding revealed that the majority of prevailing structures occurred over regions encoding amino acids that had reduced codon choice, such that selection of any possible synonymous codon would conserve the presence or absence of base-pairing. Variants P(2+3) Max (723/3,549 nt changes) and P(1+2+3)
Max
(1,297/6,189 nt changes) proliferate with WT PV1 characteristics [for P(1+2+3) Max , see the one-step growth curve presented in Fig. S1 ], even though approximately every fifth nucleotide was changed. Absence of any known replication phenotype distinct from WT PV in the life cycle of these variants is astounding. Variants P(1+2+3) SD (2,103/6,177) and P(2+3) SD (1,174/3,549), in which approximately every third nucleotide was changed, were debilitated but they still encapsidated their genomes. The combined data of (i) the excessive density of mutations in recoded domains of P2 and P3 variants, yet allowing replication and packaging; (ii) the known molecular steps of the PV replication and packaging cycle; and (iii) the superior assembly efficiency of DI particles (lacking the P1 domain) over WT PV, lead us to conclude that "multiple cryptic, sequence-degenerate, dispersed RNA packaging signals" (22) do not play a role in PV packaging specificity.
Discussion
Curiosity motivated us to test the extent by which the nucleotide sequence of >80% of the PV genome can be modified while preserving the ability of the variants to proliferate. Avoiding sequences involved in the regulation of macromolecular processes, we followed two strategies: (i) changing synonymous codons such that an excess of codon pairs is generated either with average positive (Max) or average negative (Min) CPSs (16); and (ii) scrambling (moving) randomly synonymous codons (SD), leaving the average CPS close to that of WT PV (15) . In either method, codon use and the protein sequences were retained.
Whereas Max and SD recodings did not destroy viability, CPD (Min constructs), [e.g., an accumulation of underrepresented (unfavorable) codon pairs] inevitably interfered with viral replication and is most often associated with nonviability ( Fig. 1 i and  C) . By testing CPD of various mammalian viruses (16, (56) (57) (58) (59) (60) in tissue culture or in experimental animals, we have concluded that there is no single specific effect of CPD that can be related with certainty to observed deficiencies in viral proliferation of Min constructs.
Possible mechanisms supported in part by this work include: (i) an increase in the content of specific dinucleotides in CPD sequences, specifically CpG and UpA, which are two additional dinucleotides that occur in NNCpGNN or NNUpANN positions of new codon pairs and are, therefore, increased without changing codon use. The increase in CpG content (Table S4 ) may lead to an enhanced innate immune response in the infected cell (56, 61) ; (ii) a robust ts phenotype (59, 60) ; (iii) a reduction (degradation?) of the yield of viral mRNA (57) The experiments with A549 cells were revealing because an inhibitor (BX795) of the innate immune response (30, 31) reversed to some extent the low si values in these cells of the three viruses tested. Whereas the innate immune response is likely to play a role in reducing the replication of recoded viruses (57, 61) , attempts to identify any specific step related to innate immunity have failed (61) .
In determining si values, the MOI (virion/cell) never exceeded the value of one. We suggest that the success of one virion over all other virions incubated on a huge excess of host cells is a stochastic process. This conclusion was also reached recently by two other groups (65, 66) . Since PV is haploid, studies of si present the infection of a single cell with a single genotype, notwithstanding the fact that PV is a quasispecies that will form genetic variants later during its replicative cycle.
Assembly. The key in virus encapsidation is specificity. It requires a mechanism by which viral components (genome and CPs) recognize each other and assemble to near total exclusion of cellular or other viral components. We have discussed that the assembly specificity of C-cluster enteroviruses (PV, several Coxsackie A viruses), and perhaps of all enteroviruses, is achieved through viral protein/protein interaction (Fig. 4 I, A; ref. 47) . A mechanism of protein/protein interaction to promote assembly specificity is involved also in mechanisms of other viral systems (67) (68) (69) .
A common, alternative mechanism in +ssRNA virus assembly is the specific, high-affinity binding of a genomic RNA element to the cognate CP (Fig. 4 I, B) . Available evidence suggests that this highly specific selection between genome and CP will trigger assembly (Fig. 4 I, B) . For two decades, this RNA element has been referred to as PS (70) . The classical PS (i) is a single RNA hairpin (70, 71) or a closely mapping cluster of structures (34) , which bind strongly to a specific site in a CP; (ii) maps to a single genome locus that is distinct for related viruses (34); (iii) presents with a sequence that is conserved for a given virus species. Conservation of the classical PS allows the direct discovery of the PS by synplot2 computer analyses (32, 33) ; (iv) triggers assembly in vitro or in vivo that can be prevented by site-directed mutagenesis of even single nucleotides (71); (v) can be transplanted into a different RNA bestowing to this heterologous RNA the ability to be encapsidated into the PS-cognate VLP (42); or (vi) can be transplanted into a different genome, thereby generating a chimeric virus (70) .
The known mechanisms triggering specificity of assembly (protein/protein or RNA/protein recognition) are portrayed in Fig.  4I . We propose that the "cryptic, sequence-degenerate, dispersed RNA packaging signals" (22) provide a function in step II of morphogenesis. The cocondensation of genome with cognate CP, which have been characterized in genomes of RNA phage MS2 (19, 21) , of plant virus satellite tobacco necrosis virus (72) , and of two human viruses (22, 73, 74) , is to facilitate "cocondensation" (step II). Cocondensation includes highly complex rearrangements of precursor CPs, ultimately leading to mature virions (19, 22, 50, 51, 75) . To avoid confusion, we strongly suggest that, in distinction of the highly conserved entities called PSs, the recently discovered "cryptic, sequence-degenerate, dispersed RNA packaging signals" be abbreviated as dPS.
PV assembly depends on ongoing genome replication (76) . Newly synthesized genomes carry a 5'-terminal VPg that is cleaved off (77, 78) by a cellular enzyme once the RNA is released from the replication complex. The resulting infectious viral genomes lack VPg and are never encapsidated, an observation suggesting that putative RNA structures within the PV genome per se do not trigger assembly. The question then arises: How are mature PV virions formed at the replication complex past the recognition process (Fig. 4 I, A) , even though the PV genome lacks dPSs?
Currently, we cannot answer this question. However, we are entertaining the thrilling hypothesis that the empty PV procapsids might serve as direct precursors to virions by first docking to the replication complex via protein/protein interaction followed by being filled with emerging genomic RNA, the "stuffing" catalyzed by the viral ATPase 2C
ATPase . As has been noted before (79) , this strategy would be analogous to the morphogenesis of numerous DNA viruses.
It is likely that the pathway of +ssRNA virus assembly shown in Fig. 4 may have to be modified in the future as more details of +ssRNA virus morphogenesis emerge. It may be prudent, therefore, not to follow just one "Yellow Brick Road" (80) because this may lead to the wrong wizard.
Materials and Methods
Recoding and Plasmids Design. These are described in SI Materials and Methods. RNA Structure Alignment. This is described in SI Materials and Methods. Cell Culture. Both HeLa R19 cells and A549 (human lung epithelial carcinoma) cells were maintained in Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin. All cells were grown at 37
• C in a 5% CO 2 incubator. Virus Growth and Virus Titration by Plaque Assay. Viruses were amplified by infection of HeLa R19 cell monolayers with ≥2 PFUs per cell. Infected cells were incubated in DMEM (2% FBS) at 37
• C until a complete cytopathic effect (CPE) was detected. After three rounds of freezing and thawing, the lysate was clarified of cell debris by a brief high-speed centrifugation, and the supernatant containing the virus was used for further passaging or reinfection. For temperature sensitivity test, SD-, Max-, and Min-containing constructs were transfected into HeLa R19 cells. If there was no viable virus, the cell lysate was harvested for blind passages up to six times. Viral titers were determined by a standard plaque assay on HeLa R19 cell monolayers using a semisolid overlay of 0.6% tragacanth gum (Sigma-Aldrich) in minimal Eagle's medium. Plaques were visualized after 2 d of incubation (for normal plaque size) or 3-to 4-d incubation (for pinpoint plaque size), by staining cells with crystal violet. General Procedures. Reverse transcription-PCR (RT-PCR); sequencing of virus variants; in vitro transcription and RNA transfection; labeling of PV proteins in vitro; virus purification and determination of viral particles via OD 260 absorbance; Northern blot analysis; measurement of viral protein levels by Western blot analysis; and assay for specific infectivity are described in SI Materials and Methods. Note. During review of this paper, Aguilera et al., published a study [mBio, March/April 2017 (84) ] concluding that in infections with purified PV (expressing no phenotype) at low MOI (0.000001 PFU/cell) approximately 5% of the cells were infected with >1 virion. Dual infections increased (to 8%) when infections with two different PV mutants were analyzed and assayed phenotypically.
